ABSTRACT: Examination of the extent and pattern of gametic disequilibrium between nine pairs of unlinked loci in four large samples of cats revealed large and consistent values. These observations appear inconsistent with either genetic drift or gene flow as causes of the disequilibrium. On the other hand, the extent of epistatic selection necessary to generate the majority of these values appears reasonable.
STRONG STATISTICAL association of alleles at different loci (gametic disequilibrium) generally only has been found for tightly linked loci or loci in organisms with a high proportion of selfing or asexual reproduction (sec Hedrick et al. 11 for a review). In these cases, the linkage, inbreeding, or asexual reproduction serves to retard the decay of the interlocus association. The association itself may be generated by the evolutionary factors of selection, genetic drift, gene flow, mutation, and genetic hitchhiking as reviewed by Hedrick 9 . However, for loci known to be unlinked and in outbreeding organisms, the only reported cases of disequilibrium are in situations where there is strong selection 7 ' 20 . Populations of the domestic cat, Felis catus, are generally polymorphic for 7 to 10 morphological loci 18 . Variants for most of these loci can be scored simultaneously in individual cats by simple observation. Only the orange locus (O) has been located on a specific chromosome (the X), and all autosomal loci appear to assort independently, presumably because they are on different chromosomes or far apart on the same chromosome 16 . Using data from four large samples in which two were polymorphic for five autosomal loci and in which two were polymorphic for three loci, the estimated associations of alleles at the loci were calculated. Surprisingly, the interlocus associations among these unlinked loci appear to be large and generally consistent in sign in the four samples. By examining the potential effect of factors that can generate gametic disequilibrium, it appears that epistatic selection resulting from human preference is consistent with these observations.
Methods
When one of two alleles at each of two loci is dominant and individuals are scored simultaneously at both loci, there are four different phenotypic categories as given in Table  I . The marginal values give the number of individuals that are dominant or recessive for each locus individually and n is the total number in the sample. If we assume HardyWeinberg proportions, then £4, the maximum likelihood estimate of the frequency of the double recessive gamete (ab), and the frequencies of the recessive alleles are 19 : n I
where pi and #2 are the frequency estimates of the recessive alleles a and b, respectively. The frequencies of the dominant alleles A and B are P\ and <Jj, respectively, and are the complements of recessive allele estimates. The association of alleles at different loci is generally measured as a function of the difference between the observed and expected frequencies of the two-locus gametes. I will refer to this as gametic disequilibrium although traditionally it has been termed linkage disequilibrium (an obvious misnomer in this case because we are considering loci that appear to be unlinked).
The extent of gametic disequilibrium can be estimated according to Turner 19 as
is asymptotically chi-square distributed with one degree of freedom 12 . Because D is dependent upon allelic frequencies, it is useful to examine a measure giving the observed disequilibrium as a proportion of the maximum possible for the observed allelic frequencies. Lewontin 14 gave the following measure for this purpose,
5' = D
where Anax is the minimum of ^i4i <x P-fii if D < 0 and the minimum of pifo or /*2#i if 3 > 0. Another related measure of association is the correlation coefficient 13 ,
D

Data
Data from four samples, three with approximately 400 and one with 250 cats (see the exact sample sizes in Table II only approximately half the individuals in these populations, primarily because tabby cannot be scored in black (nonagouti) cats. Spotted, S, is the only locus for which the wild type is recessive. All of these loci have two alleles in these populations except the dominent allele Abyssinian tabby was in low frequency in the Lahore sample (these cats were omitted from the analysis). The frequency of a is the highest of all the variants and is approximately 0.75 in all the samples (see Table II ). Alleles d and / have the lowest overall frequencies and were quite uncommon in the Portsmouth and Lahore populations, respectively.
Results
The observed numbers in each of the four phenotypic classes for all nine locus pairs are given in Table III excluding the pairs involving d and / in Portsmouth and Lahore, respectively. The estimated values of gametic disequilibrium also are given in Table III .
There are several relevant findings from these calculations. First, 7 of the 28 locus pairs examined showed significant statistical associations at the 0.05 level or greater. The 2 X 2 contingency table chi-square values also were calculated for all locus pairs and gave very similar values to the Q statistic. In other words, a much higher proportion of pairs are significantly associated than expected by chance. Of particular note is the strong association between a and S in which two samples showed statistically significant association and a third nearly was and the IS combination in which two of three samples were significantly associated. The probability of finding significance is very dependent upon a large sample size and intermediate allelic frequencies 3 . Because the estimated frequency of some of the variants was low and the sample size for some comparisons including / was low, having 7 of the 28 locus pairs significant is quite surprising.
Second, the sign of disequilibrium is often the same for particular locus pairs over the samples. For example, the combination of a-S, which has the highest average Q value, has negative disequilibrium values in all four samples. Locus pairs a-d, a-l, and IS have positive disequilibria in all the samples. In fact, the only samples in which the sign of the disequilibria does not agree with statistically significant samples are situations in which Q is quite small, e.g., dS or S-t from Lahore.
Last, Table IV 
Factors Responsible for Gametic Disequilibrium
The overall impression from the estimated gametic disequilibrium data for alleles at these five loci is that the extent and pattern of disequilibrium deviates from the expectation for unlinked, unselected loci in a random-mating population. If we compare these values to those expected in a sample for unselected, unlinked loci in which all alleles are identifiable, then these observed values are larger than expected (P. W. Hedrick and G. Thomson, in ms.). However, a strict comparison to those expectations does not seem appropriate because of the estimation procedure used here.
Before we examine what factors may cause the extent and pattern of disequilibrium, let us first consider the assumptions of our estimation procedure. Remember that we assumed that the population was in (or close to) Hardy-Weinberg proportions. What influence would a deviation from Hardy-Weinberg proportions have on the estimation of gametic disequilibrium? To examine this effect, let us assume that the frequency of recessive homozygotes at the two loci arep2 (1 + a) and q\(\ + /3) where a and /3 are measures of the deviation from Hardy-Weinberg proportions at loci A and B. On the assumption that the factors affecting the two loci are independent, then the frequency of the double recessive is jf4 (1 +«)0 +/3). Using our estimation procedure as before, then the estimated gametic disequilibrium is Table III . The number of cats observed in the four phenotypic classes and the estimated gametic disequilibrium for sample from Amsterdam (A), Lahore (L), Montreal (M), and Portsmouth (P) where the first and second loci of the locus pair are loci A and B, respectively, as given in Table I D = x 4 
In other words, the estimated gametic disequilibrium may differ from that actually in the population because of a deviation from Hardy-Weinberg proportions. In particular, an excess of homozygous recessive genotypes at both loci, say due to inbreeding or the Wahlund effect, inflates the estimate of disequilibrium, whether it be negative or positive, above its actual value in the population. Note, however, that if a and /3 are negative (a deficiency of recessive genotypes), f> may be less than D. In a similar way, it can be shown that an excess of recessive genotypes results in a general increase in the estimate of D 1 and a deficiency results in a general decrease in the estimate of D'. Obviously, these effects may be larger if the deviations at the two loci are not independent. However, it appears that these populations are near Hardy-Weinberg proportions 1 -6 , suggesting that such deviations may not be important.
What other factors could be responsible for generating the gametic disequilibrium observed between these loci? Because mutation causes extensive disequilibrium as measured by iy, primarily only when one allele is rare 10 , and hitchhiking is important in random-mating populations only for tightly linked loci 9 ' 17 , the fundamental cause of the disequilibrium would appear to be due either to genetic drift, gene flow, or epistasis or a combination of these factors. Let us consider each of these separately to determine if there is any evidence to support or eliminate them as factors. 
Genetic drift
The expected extent of disequilibrium generated by genetic drift is a function of the effective population size and the recombination between the loci. An expression relating these factors in an equilibrium population is 1 1 +4Nc 6 , suggesting that other factors must be in part responsible for the disequilibrium. In addition, genetic drift should not necessarily generate disequilibrium of the same.sign in different samples. Because most of the locus pairs have disequilibrium of the same sign in different samples, this also suggests that genetic drift is not the prime cause of the disequilibrium.
Gene flow
Gametic disequilibrium generated by gene flow is a function of the allelic frequency differences in the different mixing populations and the mixture proportions. Assuming that there is no disequilibrium in the populations before mixture, then for a mixture of two populations
where m x and rri y are the proportions from populations x and y and p\ and q\ are the frequencies of alleles A and B as before 4 . For simplicity, let us assume that the differences between allelic frequencies at both loci are the same and equal to A and that m x = m y = 0.5 (which gives maximum products for these parameters). Therefore, and
In fact, there does not appear to be much information in the literature on local gene flow or population structure in cat populations (however, see Dards and Robinson 6 ).
Epistasis
If selection is responsible for the observed amount and pattern of gametic disequilibrium, then this must occur in an epistatic fashion, that is, in a pattern such that the fitnesses of the two loci of a pair are not independent of each other. (Note that we are considering fitness epistasis here, not the epistatic effects on phenotypes, see Hedrick et al.
11 for a discussion.) If we assume that the population is random mating and that allelic frequencies are not changing, then we can estimate the extent of epistasis necessary to explain the observed phenotypic frequencies. For this case, we can assume that fitness differences act through viability selection and change phenotypic frequencies so that where O and E are the observed and expected equilibrium frequencies of the phenotypes, 1 is a measure of epistasis, and the subscripts 1 and 2 indicate dominant and recessive phenotypes. For example, £12 is the expected equilibrium frequency of the phenotype dominant at the A locus and recessive at the B locus.
The equilibrium frequency of the double recessive can be found in the following manner. If we assume that the zygotic frequency of the double recessive is xl and is the equilibrium frequency of this genotype, then
where x\ is the observed frequency of the double recessive after selection. Recombination then modifies the gametic frequency for the next generation to be
However, because the population is assumed to be at equilibrium x 4 = x 4 and by substitution
Solving this and the other similar equations, the measures of epistasis are
Pl-xl
The weighted average estimate of epistasis is
i-ij-i
Estimates of epistasis calculated in this fashion are given in Table V . The absolute values of these estimates range from 0.001 to 0.196 with the largest values in the Portsmouth sample. Except for a-S and S-t locus pairs in the Portsmouth sample, the extent of epistasis necessary to cause the observed gametic disequilibrium does not appear to be very large. Perhaps the disequilibrium is made larger in the Portsmouth sample because of the substructure thought to occur there 6 .
The average absolute values of D observed in the samples was 0.0265. With this average, A = 0.326, indicating that very large differences in allelic frequencies at both loci are necessary to explain the magnitude of disequilibrium observed. However, it is possible that the consistency in the signs of disequilibrium between samples could be caused by gene flow if the populations were composites of groups that differed in the same way in allelic frequencies. However, this seems unlikely because such extreme and consistent differences within an area have not been reported. 8 developed another approach to determine how much two-locus selection would be necessary to generate a given amount of gametic disequilibrium. Let us apply his approach to a-S, the locus pair that shows the strongest and most consistent association. For a-S, the average D over samples is 0.03425 and assuming unlinked loci (c = 0.5), then we can determine the necessary selective difference between genotypes. Therefore, assuming that the relative fitness of the double heterozygotes is unity, then the relative fitnesses of the other genotypes must vary by more than 0.342. This selective difference is not inconsistent with the extent of epistasis estimated by the approach given above.
Discussion
From the examination of genetic drift, gene flow, and epistasis as factors that could potentially cause the gametic disequilibrium in these samples, epistatic selection appears to be the most likely primary explanation. I should note that these arguments are of necessity indirect, that is, little is known of population size, gene flow, or selection in populations of cats. In addition, the significant estimates of disequilibrium do not appear to be the result of sampling or inbreeding violating the estimation procedure. However, some of these factors may obviously contribute to the extent of disequilibrium and can only be excluded by direct studies.
Assuming that epistatic selection is the most likely explanation for the observed disequilibrium, what type of selective factors may be important? Selective differences may be either due to natural selection resulting in different genotypic fitnesses or artificial selection via human preference.
First, although some of the variants at these loci are epistatic as far as their phenotype, e.g., a is epistatic to /*, there is no reported evidence that the variants epistatically affect viability or other fitness components. If they do, and these interactions are important in causing gametic disequilibrium, then in some cases individuals that are wild type at both loci or mutant at both loci are favored, as the a-d and S-t combinations. However, in other situations, such as the l-S pair, individuals wild type at both loci or mutant at both loci are not favored. Although this pattern varies over loci pairs, there is no a priori reason to suggest that interactions affecting viability should be consistently favoring particular phenotypes. There is some suggestion that darker cats may be favored in densely populated areas 2 Table III .
Second, human preference may affect the survival of different phenotypic classes. For example, Clark 5 found from a survey in Glasgow, Scotland, that owners preferred lighter color cats, particularly the variants / and S. However, in the areas of higher socioeconomic classification in which the phenotype of owned cats more closely matched that of the preferred type, there was a higher rate of neutering. In other words, favoring S-ll cats and neutering them might result in a positive disequilibrium for the locus pair, as observed in all three samples in which / and S were both polymorphic. Clark 5 also found that human preference may be a factor reducing the frequency of black cats. Such selection would cause a negative disequilibrium for the a-S locus pair, a combination that has a statistically significant association in two of the four samples and is nearly significant in the Lahore sample. From these considerations, it appears then that epistatic selection resulting from human preference may be important in causing the observed patterns of disequilibrium.
